technologies offers the opportunity to simultaneously enhance ADCC and CDC activities of therapeutic antibodies. This approach may represent an attractive strategy to further improve antibody therapy of cancer and deserves further evaluation.
Introduction
Therapeutic antibodies represent potent treatment options in cancer therapy [1, 2] . In particular, CD20 antibodies are well established in the treatment of B-cell lymphomas and leukemias, and several CD20 antibodies, including rituximab, ofatumumab and obinutuzumab, are approved for clinical use [3] . However, monoclonal antibodies rarely cure patients as monotherapy, not all patients benefit from this generally well-tolerated therapeutic option, and relapses still remain a serious problem. Thus, further improving antibody therapy is a major issue in current translational research.
Deeper insights into antibody effector functions provided the basis for the generation of 'fit-for-purpose' antibodies by rational design [1, 2, 4, 5] . In vitro tumor targeting antibodies like rituximab can eliminate malignant cells by different means, including induction of cell death, complement-dependent cytotoxicity (CDC), and recruitment of effector cells for antibody-dependent cell-mediated cytotoxicity (ADCC) or antibody-dependent cellular phagocytosis (ADCP) by engagement of activating Fcγ receptors (FcγR). However, antibodies may vary in effector functions depending on the isotype, the target antigen and its expression levels,
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Summary Background: Engineering of the antibody's fragment crystallizable (Fc) by modifying the amino acid sequence (Fc protein engineering) or the glycosylation pattern (Fc glyco-engineering) allows enhancing effector functions of tumor targeting antibodies. Here, we investigated whether complement-dependent cytotoxicity (CDC) and antibody-dependent cell-mediated cytotoxicity (ADCC) of CD20 antibodies could be improved simultaneously by combining Fc protein engineering and glyco-engineering technologies. Methods and Results: Four variants of the CD20 antibody rituximab were generated: a native IgG1, a variant carrying the EFTAE modification (S267E/H268F/ S324T/G236A/I332E) for enhanced CDC as well as glycoengineered, non-fucosylated derivatives of both to boost ADCC. The antibodies bound CD20 specifically with similar affinity. Antibodies with EFTAE modification were more efficacious in mediating CDC, irrespective of fucosylation, than antibodies with wild-type sequences due to enhanced C1q binding. In contrast, non-fucosylated variants had an enhanced affinity to FcγRIIIA and improved ADCC activity. Importantly, the double-engineered antibody lacking fucose and carrying the EFTAE modification mediated both CDC and ADCC with higher efficacy than the native CD20 IgG1 antibody. Conclusion: Combining glyco-engineering and protein engineering or the recognized epitope [6] [7] [8] [9] [10] . Traditionally, CD20 antibodies are grouped into type I or type II antibodies [10] , which both trigger ADCC effectively, but differ in their capacities to trigger CDC or direct cell death. Thus, type I antibodies (e.g. rituximab) strongly mediate CDC, but weakly elicit direct cell death, while type II antibodies (e.g. obinutuzumab) efficiently induce direct cell death but exert poor CDC activity. Yet, in vivo the situation is more complex, and the relative contribution of different antibody functions is not fully understood. Animal models have suggested that functions mediated by the fragment crystalizable (Fc) such as CDC or effector cell recruitment are crucial in CD20 antibody therapy [11] [12] [13] [14] . Clinically, improved responses to rituximab or other therapeutic antibodies were observed in patients with homozygous expression of the FcγRIIIA-158V allelic variant, which binds the antibody Fc domain with higher affinity, in comparison to patients carrying the low-affinity FcγRIIIA-158F allele [15] [16] [17] [18] [19] , pointing to a role of FcγRIIIA-expressing natural killer (NK) cells, macrophages, or monocytes. Moreover, activation of NK cells upon rituximab infusion was demonstrated in patients with the high-affinity FcγRIIIA polymorphism [20] . Whereas these results indicate a pivotal role for FcγR engagement and effector cell activation, a contribution of CDC in antibody therapy has not been proven [21] . However, regarding CD20 antibody therapy, a role of CDC has been supported by studies showing that complement is consumed upon rituximab infusion, that patients may benefit from infusion of plasma as a source of complement, and that post-rituximab treatment expression levels of inhibitory membrane-bound complement regulatory protein (mCRP) CD59 were increased in antibody-resistant chronic lymphocytic leukemia (CLL) patients [22] [23] [24] [25] .
Fc engineering strategies represent a promising approach to further enhance the efficacy of antibody therapy. Considering ADCC and CDC as important antibody functions, Fc modifications enhancing affinity to activating FcγR or C1q have gained peculiar interest. Two different technologies, either modification of the glycosylation pattern (Fc glyco-engineering) or alteration of the amino acid sequence (Fc protein engineering), have been established. Fc glyco-engineering was applied in particular to enhance ADCC. Thus, glyco-engineered antibodies, now lacking fucosylation of the N297-linked oligosaccharide, had a selectively enhanced affinity to FcγRIIIA and exerted improved efficacy in inducing ADCC by NK cells [26] [27] [28] . With obinutuzumab, a first glyco-engineered CD20 antibody has been approved for treatment of CLL [29] [30] [31] . Fc protein engineering approaches were employed to promote either FcγR or C1q binding [4] . A number of amino acid exchanges were identified, which markedly increased affinity to activating FcγR and substantially enhanced ADCC and ADCP [32, 33] . In other studies amino acid alterations were found to specifically enhance CDC [34] [35] [36] . Alternatively, CDC activity was enhanced by generation of mixed-isotype IgG1/IgG3 variants of rituximab or by conversion of IgG1 into IgG3 antibodies [37, 38] . In another attempt, CDC was augmented by introducing distinct amino acid exchanges favoring antibody hexamer assembly [39, 40] . However, although distinct Fc modifications were identified that either promoted ADCC or CDC, simultaneous enhancement of both effector functions by amino acid alteration remains difficult, probably due to an overlap in the putative binding site for C1q [41] and the binding site for classical FcγR [42, 43] . Actually, some CDC-optimized antibody variants had a drop in ADCC activity, why additional rescue modifications were required [34] .
In an attempt to engineer antibodies for both enhanced ADCC and CDC, we investigated whether both functions could be improved simultaneously by combining protein engineering and glyco-engineering technologies. Therefore, five amino acid exchanges (S267E/H268F/S324T/G236A/I332E, referred to as EFTAE), which in combination were shown to enhance CDC while maintaining the ADCC activity of native IgG1 antibodies [34] , were introduced into the Fc domain of the CD20 antibody rituximab. The antibody was then expressed in a fully fucosylated form or as a glyco-engineered, non-fucosylated derivative, and ADCC and CDC activities of these differentially modified antibodies were analyzed in comparison to the corresponding native IgG1 molecule.
Material and Methods
Cell Culture
Daudi (Burkitt lymphoma) and baby hamster kidney BHK-21 cells (American Type Culture Collection (ATCC), Manassas, VA, USA) were cultured in RPMI 1640 Glutamax-I medium (Thermo Fisher Scientific, Waltham, MA, USA) supplemented with 10% fetal calf serum (FCS; Thermo Fisher Scientific), 100 U/ml penicillin, and 100 µg/ml streptomycin (Thermo Fisher Scientific; R10+ medium). MEC-2 cells (CLL; German Collection of Microorganism and Cell Cultures (DSMZ), Braunschweig, Germany) were maintained in Iscove's MDM medium (Thermo Fisher Scientific) containing 20% FCS, 100 U/ml penicillin, and 100 µg/ml streptomycin. GRANTA-519 (mantle cell lymphoma; DSMZ) and Chinese hamster ovary CHO-K1 cells (DSMZ) were kept in DMEM medium (Thermo Fisher Scientific) supplemented with 10% FCS, 100 U/ml penicillin and 100 µg/ml streptomycin. CHO glycosylation-mutant Lec13 cells [44, 45] were grown in MEM alpha medium containing nucleosides (Thermo Fisher Scientific) and supplemented with 10% dialyzed FCS (Thermo Fisher Scientific), 100 U/ml penicillin and 100 µg/ml streptomycin. Medium of transfected CHO-K1 and Lec13 cells was supplemented with 500 μg/ml hygromycin B (Thermo Fisher Scientific). BHK-21 cells stably transfected with expression vectors encoding FcεRI γ chain and either human FcγRIIIA 158V (BHK-CD16-158V) or FcγRIIIA 158F (BHK-CD16-158F) allelic variants were cultured in medium supplemented with 10 μmol/l methotrexate (Sigma-Aldrich, Munich, Germany) and 500 μg/ml geneticin (Thermo Fisher Scientific) [46] .
Antibodies
For generation of antibody expression vector sequences encoding variable light (VL) and heavy (VH) chains of rituximab were synthesized de novo (Eurofins, Ebersberg, Germany) according to published sequences [47] . VL was ligated in frame into antibody κ light (LC) chain expression vector pSectag2-LC [48] . The sequence encoding VH was inserted in heavy chain (HC) expression vectors pSectag2-HC (encoding a native IgG1 Fc domain [48] ) and pSectag2-HC-EFTAE (encoding the engineered Fc domain with amino acid substitutions S267E/H268F/S324T/G236A/I332E [34] ; unpublished data). Similarly, expression vectors for corresponding HER2 antibody variants were constructed using VL and VH sequences from antibody trastuzumab [49] . Correctness of cloned sequences was confirmed by Sanger sequencing of final constructs. For expression, CHO-K1 or Lec13 cells were stably transfected with antibody LC and HC expression constructs with the Amaxa Nucleofectior System (Lonza, Cologne, Germany) using transfection kit V according to the manufacturer's recommendations as described previously [50] . After 48 h, medium was exchanged by culture medium containing 500 μg/ml hygromycin B. Stably transfected production lines were established by selection with hygromycin B (500 μg/ml). After establishing single-cell subclones by limiting dilution, single clones with moderate to high production rates were identified by flow cytometry analysis of supernatants. Antibodies were purified from cell culture supernatant with CaptureSelect TM IgG-CH1 Affinity Matrix (Thermo Fisher Scientific) and affinity chromatography using gravity flow columns (Bio-Rad Laboratories, Hercules, CA, USA) according to the manufacturer's recommendations. Antibody concentration and integrity were determined by quantitative capillary electrophoresis using Experion TM Pro260 technology (Bio-Rad Laboratories) in accordance with the manufacturer's protocol. Trastuzumab was purchased from Roche (Penzberg, Germany).
Sodium Dodecyl Sulfate Polyacrylamide Gel Electrophoresis (SDS-PAGE),
Western Blot, and Lectin Blot Analysis SDS-PAGE under reducing and non-reducing conditions was performed according to standard procedures [50] . Briefly, 1-2 μg of purified antibodies was loaded on 6% or 12% polyacrylamide gels. Gels were either stained directly with colloidal Coomassie brilliant blue staining solution (Carl Roth GmbH, Karlsruhe, Germany) or blotted to PVDF membranes. Human IgG Fc was detected using goat-anti-human-IgG-HRP conjugate (Sigma Aldrich) as previously described [50] . Lectin blots using biotinylated Aleuria aurantia lectin (Vector Laboratories, Burlingame, CA, USA) and HRP-conjugated NeutrAvidin (Thermo Fisher Scientific) were performed as previously described [50] .
Flow Cytometry
For indirect immunofluorescence staining, 3 × 10 5 cells were washed in phosphate-buffered saline supplemented with 1% bovine serum albumin (Sigma-Aldrich) and 0.1% sodium-azide (PBA buffer). Cells were incubated with antibodies at the indicated concentrations on ice for 30 min, washed two times with 500 μl PBA buffer, and stained with FITC-conjugated anti-human IgG Fc F(ab') 2 fragments of polyclonal goat antibodies (DAKO, Glostrup, Denmark) or FITC-labeled goat anti-mouse IgG Fc F(ab') 2 antibodies (Sigma-Aldrich). After a final wash, cells were analyzed on a Navios flow cytometer (Beckman Coulter, Brea, CA, USA). 10,000 events were counted, and dead cells and cellular debris were excluded by using appropriate forward and side scatter gates. To analyze C1q deposition 3 × 10 5 Daudi cells were first incubated with antibodies at 25 µg/ml in 50 µl R10+ medium on ice for 20 min. Human serum was added to R10+ medium to a final concentration of 2% and incubated for neutralization of C5 with eculizumab (Alexion Pharma GmbH, Munich, Germany) at a concentration of 200 µg/ml at room temperature for 20 min. Then 50 µl were added to antibody-coated cells. Cells were incubated at 37 ° C for 10 min and then washed three times. Finally, cells were incubated with a murine FITC-conjugated anti-C1q antibody (DAKO) for 1 h; cells were washed three times, re-suspended in cold PBA, and analyzed for cell-bound C1q by flow cytometry. Expression of mCRPs was determined using mouse anti-human CD46 IgG1 (Thermo Fisher Scientific), CD55 IgG1 (BioRad), and CD59 IgG2a antibodies (EXBIO, Vestec, Czech Republic) at a concentration of 50 µg/ml. As isotypes purified murine hybridoma anti-myc IgG1 antibody 9E10 (ATCC) and anti-keyhole limpet hemocyanin IgG2a antibody (R&D Systems, Minneapolis, MN, USA) were used.
Cytotoxicity Assay CDC and ADCC were determined in standard 51 Cr release experiments as described [50] . Human mononuclear cells (MNCs) and plasma, which were separated from citrate-anticoagulated blood from healthy volunteers by density gradient centrifugation using Easycoll (Biochrom, Berlin, Germany), served as a source of effector cells and complement, respectively. In CDC assays, plasma was used at 25%, and recombinant hirudin (Refludan ® , Bayer HealthCare Pharmaceuticals, Wayne, NJ, USA) was added to a concentration of 10 µg/ml as anticoagulant. In ADCC experiments MNCs were applied at an effector-to-target cell ratio of 40: 1.
Statistical Analysis
Graphical and statistical analyses were performed using GraphPad Prism 5.0 software. P values were calculated using repeated measures ANOVA and Bonferroni post-tests. The null hypothesis was rejected for p < 0.05. Fig. 1 . Generation of Fc engineered variants of antibody rituximab. A Illustration of positions of amino acid substitutions S267E/H268F/S324T/ G236A/I332E (EFTAE-modification; in magenta) within the constant heavy chain (CH) 2 domain, which enhance CDC activity, and the fucose residue (in yellow), which is critical for FcγRIII binding and ADCC. The VL chain is depicted in light grey and the heavy chain in dark grey. The N 297-linked glycan is colored in green. The IgG model structure is based on the pdb file provided by Dr. Mike Clark [57] and was modified using Discovery Studio Visualizer (Biovia, San Diego, CA, USA). B The EFTAE modification was introduced into Fc domain sequences of antibody rituximab (RTX-EFTAE). Both RTX-EFTAE and a variant with a wild-type Fc domain (RTX-wt) sequence were expressed in CHO-K1 and Lec13 cells to generate fucosylated antibodies (RTX-wt-CHO and RTX-EFTAE-CHO) and corresponding non-fucosylated derivatives (RTXwt-Lec13 and RTX-EFTAE-Lec13), respectively. C After purification by affinity chromatography fucosylation of antibodies was analyzed by lectin blot using biotinylated A. aurantia lectin and HRPconjugated neutrAvidin protein showing that antibodies produced in Lec13 cells lacked fucose in contrast to antibodies expressed in CHO-K1 cells. As a control antibody heavy chains were detected by Western blot analysis using HRP-conjugated anti-human IgG 
Results
With the aim to enhance CDC and ADCC simultaneously, the Fc domain of the CD20 antibody rituximab was double-engineered by combining Fc protein engineering and Fc glyco-engineering technologies ( fig. 1) . Thus, the amino acid substitutions S267E/ H268F/S324T/G236A/I332E (EFTAE modification), which previously have been shown to enhance CDC while preserving ADCC activity, were introduced into the antibody constant heavy region 2 ( fig. 1A) . To also increase its ADCC activity, the antibody was glyco-engineered by expression in Lec13 cells, which produce IgG1 molecules lacking Fc fucosylation (fig. 1B) . By expression in CHO-K1 cells, a fucosylated EFTAE-modified derivative was generated as a control. Similarly, corresponding native wild-type CD20 antibody sequences were expressed in CHO-K1 or Lec13 cells to generate corresponding antibody variants lacking the EFTAE modification ( fig. 1B ). This resulted in four different CD20 antibodies, which were referred to as RTX-EFTAE-Lec13 (double-engineered Fc domain for enhanced CDC and ADCC), RTX-wt-CHO (unmodified IgG1 Fc domain), RTX-EFTAE-CHO (protein-engineered Fc) or RTX-wt-Lec13 (glyco-engineered Fc). The antibodies were purified by affinity chromatography from cell culture supernatants of stably transfected cell lines. Integrity and purity of antibody preparations were confirmed by reducing or non-reducing SDS-PAGE and subsequent Coomassie blue staining (unpublished data). To determine the fucosylation status of antibody variants expressed in different host cell lines, lectin blots using biotinylated Aleuria aurantia lectin were performed ( fig. 1C ). In agreement with previous findings [50] , antibodies expressed in CHO-K1 cells (i.e., RTX-wt-CHO and RTX-EFTAE-CHO) were fucosylated, whereas their derivatives produced in Lec13 cells (i.e., RTX-wtLec13 and RTX-EFTAE-Lec13) lacked fucosylation.
Analysis of CD20 binding by flow cytometry revealed that antigen specificity was not altered by expression in different cell lines or Fc modifications. Thus, all rituximab variants bound both CD20-positive MEC-2 cells ( fig. 2A ) and CHO-K1 cells that were stably transfected with human CD20 (CHO-K1-CD20; fig. 2B ). In contrast, no binding to non-transfected CHO-K1 cells ( fig. 2B ) and CD20-negative tumor cell lines (e.g. SK-BR-3 cells) was observed (data not shown). Importantly, all antibodies exerted similar affinity to CD20 irrespective of their Fc domain modification as revealed by comparison of dose-dependent binding curves using CHO-K1-CD20 cells and flow cytometry analysis ( fig. 2C) . Thus, CD20 specificity and binding avidity was maintained despite different Fc manipulations.
Efficient deposition of C1q on target cells is a prerequisite for induction of CDC via the classical pathway. Therefore, it was analyzed whether the EFTAE modification enhanced the abilities of the antibodies to fix C1q on CD20-positive lymphoma cells and, if this strategy was applicable, to non-fucosylated antibodies ( fig. 3A) . To this, CD20-positive Daudi cells were opsonized with RTX-wt-CHO, RTX-EFTAE-CHO, RTX-wt-Lec13, or RTX-EF-TAE-Lec13, then incubated with human serum as a source of C1q in the presence of the C5 neutralizing antibody eculizumab to block CDC, and finally reacted with a C1q-specific antibody. Flow cytometry analysis revealed that higher amounts of C1q were bound by target cells coated with RTX-EFTAE-CHO or RTX-EF-TAE-Lec13, presumably due to an increased gain in affinity to C1q achieved by the EFTAE modification. Obviously, C1q binding efficacy was similar for the protein-engineered RTX-EFTAE-CHO antibody variant and the double-engineered antibody RTX-EFTAE-Lec13. 3) . B CDC by rituximab variants in comparison to corresponding HER2-specific control antibodies was analyzed by 51 Cr release experiments using Daudi cells as targets in the presence of 25% human plasma. Antibodies were applied at 10 µg/ml. Mean values ± SEM are depicted. Significant differences between CD20 antibodies and similarly designed control proteins are indicated (*, p ≤ 0.05; n = 3). C Dose-dependent induction of CDC against Daudi (n = 3), GRANTA-519 (n = 4) and MEC-2 (n = 4) cells by rituximab variants. Human plasma (25%) was added as a source of complement. Statistically significant differences in CDC between engineered antibodies and the native CD20 IgG1 molecule are indicated (*, P ≤ 0.05). D Daudi, GRANTA-519 and MEC-2 cells were incubated with specific antibodies against mCRPs CD46, CD55 or CD59 (blue peaks) or isotype matched control antibodies (white peaks), which were subsequently detected with secondary FITCconjugated goat anti-mouse IgG Fc F(ab') 2 fragments, and expression levels were analyzed by flow cytometry. Results from one representative experiment are shown (n = 3; MFI, mean fluorescence intensity). To analyze the ability of rituximab variants to kill lymphoma cells by CDC, 51 Cr release experiments were performed using human plasma and Daudi Burkitt's lymphoma cells ( fig. 3B ). All CD20 antibodies triggered efficient CDC against Daudi cells, whereas similarly constructed control antibodies directed against HER2 and harboring the corresponding Fc modifications were not effective. Thus, RTX-wt-CHO, RTX-EFTAE-CHO, RTX-wt-Lec13, and RTX-EFTAE-Lec13 triggered CDC in a target antigen-dependent manner. When dose-dependent induction of CDC against Daudi cells was analyzed, CD20 antibody variants were all effective at nanomolar concentrations but, importantly, differed markedly in their potency ( fig. 3C) . Thus, RTX-EFTAE-CHO and RTX-EF-TAE-Lec13 had equal activity and were most effective showing an approximately 4-to 5-fold lower half-maximum effective concentration than RTX-wt-CHO and RTX-wt-Lec13. The observed differences in the CDC activity between antibodies were even more pronounced, when GRANTA-519 mantle cell lymphoma or MEC-2 CLL cells were used as target cells. Here, antibodies lacking the EFTAE modification hardly triggered CDC, whereas RTX-EF-TAE-CHO and RTX-EFTAE-Lec13 induced substantial target cell lysis, although higher concentrations were required in comparison to experiments with Daudi cells.
An Fc
One explanation for the observed differences in the susceptibility of these cell lines to CDC may be variation in the expression of mCRPs CD46, CD55, and CD59. Therefore cell lines were analyzed for surface levels of CD46, CD55, and CD59 by flow cytometry (fig. 3D) . Interestingly, MEC-2 and GRANTA-519 cells expressed significantly higher levels of all three mCRPs than the CDC-sensitive Daudi cells. Thus, expression of complement defense proteins may contribute to the observed differences between cell lines in CDC assays.
Next, to examine the affinity of different antibody constructs to FcγRIIIA, dose-dependent binding to BHK cells stably transfected with either FcγRIIIA-158V or FcγRIIIA-158F expression con- vs. un-transfected BHK cells. Antibodies were applied at 50 µg/ml and detected as described above. C ADCC by rituximab variants in comparison to corresponding HER2-specific control antibodies was analyzed by 51 Cr release experiments with Daudi cells as targets and human MNCs as effector cells. Antibodies were applied at 10 µg/ml. Mean values ± SEM are depicted. Significant differences between CD20 antibodies and similarly designed control antibodies are indicated (*, p ≤ 0.05; n = 3). D Dose-dependent induction of ADCC against Daudi (n = 3), MEC-2 (n = 4) and GRANTA-519 cells (n = 4) by rituximab variants using MNC effector cells. Statistically significant differences in target cell lysis between Fc-engineered antibodies and the native CD20 IgG1 molecule are indicated (*, p ≤ 0.05).
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Transfus Med Hemother 2017;44:292-300 298 structs was analyzed ( fig. 4A) . We found that both non-fucosylated antibody variants had a higher affinity to both FcγRIIIA allelic variants relative to RTX-wt-CHO and RTX-EFTAE-CHO. None of the antibodies bound to non-transfected BHK cells, confirming that measured differences in the fluorescence intensities were due to altered FcγRIIIA binding ( fig. 4B ). The ability of the antibody derivatives to induce ADCC was examined in 51 Cr release experiments using Daudi lymphoma cells as targets and human MNCs as effector cells (fig. 4C ). All rituximab variants triggered ADCC, whereas corresponding control antibodies targeting HER2 were not effective, further confirming the antigen-specific mode of action. To compare the potency of the CD20 antibody variants, dosedependent induction of ADCC was analyzed using the cell lines Daudi, GRANTA-519, and MEC-2 ( fig. 4D) . Importantly, the observed gain in the affinity to FcγRIIIA exerted by non-fucosylated antibody variants ( fig. 4A ) resulted in a higher potency to trigger ADCC ( fig. 4D) . Thus, RTX-EFTAE-Lec13 and RTX-wt-Lec13 were more efficacious in inducing ADCC against all three cell lines tested than the fucosylated CHO antibodies, irrespective of the EFTAE mutation. Of note, antibody RTX-wt-Lec13 was only slightly more effective than the double-engineered RTX-EFTAELec13 antibody, and the observed differences did not reach statistical significance.
In conclusion, combining glyco-engineering and protein engineering technologies allows enhancing both CDC and ADCC activities of therapeutic antibodies simultaneously. The Fc doubleengineering approach may represent an attractive strategy to further improve antibody therapy of cancer and may deserve further evaluation towards clinical testing.
Discussion
In an attempt to enhance CDC and ADCC antibody functions simultaneously, an Fc double-engineered variant of the CD20 antibody rituximab was generated by combining protein engineering and glyco-engineering technologies. The resulting non-fucosylated CD20 antibody with the EFTAE -modification [34] was more efficacious in mediating CDC and ADCC against lymphoma or leukemia cells than the corresponding native IgG1. These results suggest that glyco-engineering and protein engineering technologies can be applied to the same antibody molecule, which offers the opportunity to generate antibodies with both enhanced ADCC and CDC activity.
Fc-engineered antibodies are increasingly gaining importance in antibody therapy of cancer [1, 4] . Whereas antibodies optimized for CDC to our knowledge have not been evaluated in patients, to date two Fc glyco-engineered antibodies (i.e., mogamulizumab and obinutuzumab) with enhanced FcγRIIIA binding and ADCC activity have been approved for clinical use. However, it still remains unclear, whether these Fc modifications indeed translate into higher therapeutic efficacy in patients since direct comparisons between Fc-engineered antibodies and their corresponding native IgG1 counterparts in patients are still lacking [51] . Different murine models have suggested that both complement and effector cell recruitment represent important in vivo effector functions for antibodies targeting CD20 or other tumor-associated antigens, suggesting that enhancement of both effector functions may be beneficial. Of note, the relative contribution of complement and FcγR engagement varied between different murine models: in some models the therapeutic efficacy of the antibody largely depended on CDC, whereas in other models the antibody strictly required FcγR engagement [11] [12] [13] . In patients, tumor cell characteristics, such as target antigen expression levels or cell surface expression of antigens that regulate susceptibility of tumor cells to CDC or ADCC, may determine which killing mechanism is available to the therapeutic antibody. Thus, expression of antigens inhibiting effector cell activation (e.g. human leukocyte antigens or CD47 [5, 52] ) or receptors promoting cellular cytotoxicity (e.g. NKG2D [53] ) may play a role. Likewise expression of mCRPs may protect tumor cells from CDC and thus lower the relative contribution of this elimination mechanism [54] . However, inhibitory effects may be overcome with Fc-engineered antibodies, as also suggested in the current study. Thus, rituximab variants with the EFTAE modification triggered CDC against MEC-2 and GRANTA-519 cells, which abundantly expressed mCRPs and were almost resistant to CDC by the native IgG1 antibody.
More recent animal data suggest that in vivo mechanisms of CD20 antibodies are affected by additional factors such as tumor burden or the anatomic location [14] . Whereas low tumor load was eradicated by CDC, in the situation of high tumor load both complement and FcγR engagement were required. In addition, an impact of the tumor microenvironment on antibody functions has been suggested [55] . Thus, in human CD20 transgenic mice, depletion of distinct B-cell compartments were dependent on different mechanisms [55] . While CDC was the underlying elimination mechanism in killing of marginal-zone B cells, FcγR-dependent mechanisms were required for elimination of blood B cells as well as eradication of lymph node and follicular B cells in the spleen. Thus, in certain situations both CDC and effector cell-mediated killing mechanisms may be required for sufficient target cell depletion, suggesting that particularly in such situations double-engineered antibodies with both enhanced ADCC and CDC activity may have advantages over native antibodies,or antibodies optimized only for one effector function.
Enhancing of CDC and ADCC simultaneously is difficult to achieve by amino acid alterations alone. In one approach, Fc glycoengineering was applied to an IgG1/IgG3 mixed-isotype antibody, which resulted in enhanced CDC and ADCC activities [37] . Results of the current study provide profound evidence that augmented ADCC and CDC activity can also be achieved by combining Fc protein engineering and Fc glyco-engineering technology. Type I CD20 antibodies such as rituximab are typically characterized by strong potency to trigger CDC and ADCC, which at least in part is attributed to favorable characteristics of the target antigen and the recognized epitope [25] . Whether this double-engineering approach is applicable to other CD20 antibodies or antibodies targeting other antigens still needs to be investigated. higher ADCC activity with MNC effector cells presumably reflects NK cell activity in short-time 51 Cr release experiments. If doubleengineered, non-fucosylated antibodies endowed with the EFTAE modification also have a higher activity in the activation of myeloid effector cells for ADCC or ADCP remains to be determined. The influence of the EFTAE modification may be more pronounced with myeloid effector cells than with NK cells since this modification affects affinity to both activating FcγRIIA and inhibitory FcγRIIB receptors [34] which are both expressed by macrophages and monocytes, but not by NK cells [56] .
In conclusion, ADCC and CDC activities of therapeutic antibodies may be enhanced simultaneously by combining Fc glycoengineering and protein engineering technologies as exemplified here for non-fucosylated CD20 antibodies harboring the EFTAE modification, which exerted significantly improved effector functions. Thus, this double-engineering approach may represent an attractive strategy to further improve antibody therapy of tumors and may deserve further evaluation towards clinical testing.
